Ethanol had no effect on function or surface localization of the ethanolinsensitive mutant (G130T DAT), suggesting a trafficking-dependent mechanism in mediating the ethanol sensitivity of the transporter. The ethanol-induced increase in DAT surface expression occurred without altering the overall size of DAT endosomal recycling pools. We found ethanol increased the DAT membrane insertion rate while having no effect on internalization of the transporter. Ethanol had no effect on the surface expression or trafficking of the endogenously expressing transferrin receptor, suggesting ethanol does not have a non-specific effect on endosomal recycling. These results define a novel trafficking mechanism by which ethanol regulates DAT function. Dopamine (DA), a major central nervous system neurotransmitter, is involved in reward and reinforcing behaviors. DA signaling relies on a critical balance between release and removal of the neurotransmitter within synaptic clefts. Drugs of abuse, including psychostimulants and ethanol, cause maladaptive changes in DA signaling in mesolimbic areas of the brain, leading to addictive behaviors. Localized on pre-synaptic dopaminergic terminals, the dopamine transporter (DAT) is responsible for terminating DA signaling by rapidly removing the transmitter from the synaptic cleft region (1). DAT and other m o n o a m i n e t r a n s p o r t e r s , i n c l u d i n g norepinephrine, γ-amino butyric acid, and serotonin (NET, GAT1, and SERT, respectively), clear extracellular transmitter via a reuptake mechanism (2).
Dynamic membrane trafficking of the monoamine dopamine transporter (DAT) regulates dopaminergic signaling. Various intrinsic and pharmacological modulators can alter this trafficking. Previously we have shown ethanol potentiates in vitro DAT function and increases surface expression. However, the mechanism underlying these changes is unclear. In the present study, we found ethanol directly regulates DAT function by altering endosomal recycling of the transporter. We defined ethanol's action on transporter regulation by [ 3 H]DA uptake functional analysis combined with biochemical and immunological assays in stably expressing DAT HEK-293 cells. Shortterm ethanol exposure potentiated DAT function in a concentration-, but not timedependent manner. This potentiation was accompanied by a parallel increase in DAT surface expression. Ethanol had no effect on function or surface localization of the ethanolinsensitive mutant (G130T DAT), suggesting a trafficking-dependent mechanism in mediating the ethanol sensitivity of the transporter. The ethanol-induced increase in DAT surface expression occurred without altering the overall size of DAT endosomal recycling pools. We found ethanol increased the DAT membrane insertion rate while having no effect on internalization of the transporter. Ethanol had no effect on the surface expression or trafficking of the endogenously expressing transferrin receptor, suggesting ethanol does not have a non-specific effect on endosomal recycling. These results define a novel trafficking mechanism by which ethanol regulates DAT function. Dopamine (DA), a major central nervous system neurotransmitter, is involved in reward and reinforcing behaviors. DA signaling relies on a critical balance between release and removal of the neurotransmitter within synaptic clefts. Drugs of abuse, including psychostimulants and ethanol, cause maladaptive changes in DA signaling in mesolimbic areas of the brain, leading to addictive behaviors. Localized on pre-synaptic dopaminergic terminals, the dopamine transporter (DAT) is responsible for terminating DA signaling by rapidly removing the transmitter from the synaptic cleft region (1) . DAT and other m o n o a m i n e t r a n s p o r t e r s , i n c l u d i n g norepinephrine, γ-amino butyric acid, and serotonin (NET, GAT1, and SERT, respectively), clear extracellular transmitter via a reuptake mechanism (2).
Regulation of DAT function is mediated by recycling of the transporters between intracellular compartments and the plasma membrane (3) . This dynamic trafficking occurs in both a constitutive and regulated manner to increase or decrease the number of transporters on the cell surface that are available for transmitter reuptake. Trafficking modulators, such as activated protein kinase C (PKC), have been shown to alter basal transporter trafficking rates. PKC-mediated regulation causes an intracellular accumulation of DAT by increasing internalization and decreasing insertion of the transporter on the cell surface (4) . In addition to intrinsic transporter modulators, various drugs of abuse are known to target monoamine transporters. DAT is the main site of action of several psychostimulants such as cocaine and amphetamines (5-7).
Cocaine inhibited DAT and increased the number of transporters on the cell surface by altering DAT trafficking in rat striatum and heterologously expressing cells (8) (9) (10) (11) . Amphetamine produced an initial increase in cell surface populations of the transporter in rat striatal synaptosomes (12), followed by internalization of cell surface transporters and DAT-mediated DA efflux (13) (14) (15) (16) . Psychostimulant-induced modulation of transporter trafficking plays a critical role in mediating the mechanism of action of the drug.
Ethanol is also known to activate DA pathways in the reward and reinforcing areas of the brain. Many groups have shown that ethanol alters DA signaling by increasing release of the transmitter (17) (18) (19) (20) . Similar effects of ethanol on DAT function and surface localization were found when the transporter was expressed in neuroblastoma (SK-N-SH) or human embryonic kidney-293 cells (HEK-293) (21) . Ethanol potentiation, however, is not observed among other monoamine transporters. For example, ethanol inhibited uptake of the closely related NET (22, 23) . The opposing effect of ethanol on DAT and NET led to identification of ethanol-sensitive sites in the first intracellular loop of DAT using chimeras between DAT and NET (22) . Specifically, when glycine 130 and/or isoleucine 137 were replaced with the corresponding NET residues, threonine and phenylalanine, respectively, the ethanol sensitivity of the transporter was abolished in oocytes (22) and significantly reduced in SK-N-SH and HEK-293 cells (21) . The loss of ethanol sensitivity by these point mutations suggest ethanol alters DAT function or trafficking in a direct manner.
The ethanol-induced potentiation of DA uptake and increase in DAT cell surface expression suggest ethanol modulates transporter function by redistributing DAT to the cell surface. However, it is not known how or if ethanol directly regulates DAT trafficking. In this study, we used [ 3 H]DA uptake and biochemical methods to assess the pharmacological action of ethanol on DAT function and endosomal recycling. Basal and ethanol-regulated rates of insertion and internalization of the transporter were measured in HEK-293 cells using modified biotinylation assays. We found ethanol modulates DAT function by increasing the rate of insertion while having no effect on DAT endocytosis, resulting in an accumulation of the transporter on the plasma membrane. These results suggest an additional mechanism by which ethanol can potentially affect synaptic dopamine dynamics in mammalian systems.
EXPERIMENTAL PROCEDURES
DNA Constructs-cDNA encoding human DAT was obtained as previously described (22) . Mutant transporters were constructed from DAT cDNA subcloned into a pBK-CMV vector (Stratagene). Mutagenesis was performed using the Quick Change site-directed mutagenesis kit (Stratagene) to replace glycine 130 with threonine (G130T). Both DAT and G130T DAT cDNA were subcloned into the mammalian expression vector pEGFP-C1 as described previously (21) .
Cell Culture and Stable TransfectionsHuman embryonic kidney cells (HEK-293) (ATCC) were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 0.1% penicillin / streptomycin.
HEK-293 cells were stably transfected with DAT or G130T DAT cDNA as previously described (21) . HEK-293 cells stably expressing DAT (DAT HEK cells) or G130T DAT (G130T DAT HEK cells) were cultured and maintained as previously described (21) . The constructs contained an enhanced green fluorescent protein (eGFP) tag to visually confirm transporter expression. N-terminal fluorescent tags do not interfere with DAT function or expression, as previously described (15, 24, 25 Surface Biotinylation-To assess the effects of ethanol on DAT surface localization, DAT or G130T DAT HEK cells were seeded on tissue-culture treated 100 mm plates and grown to 80-90% confluence. Cells were incubated for 1 hr at 37°C in serum-free DMEM in the absence or presence of 100 mM ethanol. Surface proteins were biotinylated with 1 mg/ml biotin (sulfo-NHS-SS-biotin; Pierce) in PBS containing 0.1 mM CaCl 2 and 1 mM MgCl 2 (PBS 2+ ) for 30 min at 4°C as described previously (21) . To measure recycling pool size, cells were exposed to 1 mg/ml biotin in the absence or presence of 100 mM ethanol under trafficking permissive temperatures (37°C) for 30-90 min. Cells were solubilized in radioimmunoprecipitation (RIPA) buffer (150 mM NaCl, 10 mM Tris, pH 7.2, 0.1% SDS, 1.0% Triton X-100, 1% deoxycholate, 5 mM EDTA) containing protease inhibitor cocktail (Pierce). Biotinylated and non-biotinylated proteins were separated by incubation overnight at 4°C with prewashed streptavidin M-280 Dynabeads (Invitrogen) on a rotating platform. Beads were washed three times with ice-cold PBS 2+ containing protease inhibitor cocktail. Biotinylated proteins were eluted using 2x Laemmli buffer for 1 hr at room temperature on a rotating platform. Total lysate and biotinylated proteins were analyzed with SDS-PAGE, immunoblotting and densitometry as previously described (21) . Blots were probed using a rat monoclonal antibody against the N-terminus of human DAT (MAB369, Chemicon) and a mouse monoclonal antibody against the endogenously recycled protein, human transferrin receptor (TfR) (13-6800, Zymed). To ensure the integrity of the plasma membrane was maintained during biotinylation, blots were also re-probed with a mouse monoclonal antibody against an intracellular marker, (CAL) calnexin (MAB3126; Chemicon), an endoplasmic reticulum (E.R.) protein.
For quantitation assays MAB369 was used because antibody specificity has been demonstrated extensively by immunoblot, immunocytochemistry, and immunoprecipitation analysis (26) (27) (28) (29) (30) (31) . Specificity has also been demonstrated by preabsorption experiments in multiple cell lines (26, 27, 31) . In our experiments no nonspecific reactivity was observed in untransfected HEK cells (data not shown).
The optical density (O.D.) of the blots was measured by densitometric analysis using Image J software (National Institutes of Health). All bands in each lane were measured to accurately reflect the total amount of transporter (or TfR) within the cell or on the cell surface. Surface expression or recycling pool size was calculated by normalizing the biotinylated protein O.D. to the respective total protein O.D.
Insertion Assays-Delivery of DAT to the plasma membrane was measured using a modified surface biotinylation assay at traffickingpermissive temperatures. First, surface proteins were biotinylated at 4°C (trafficking-restrictive) as described above. Excess biotin was removed, and cells were washed twice with ice-cold PBS 2+ . To initiate protein trafficking, cells were quickly washed with pre-warmed PBS 2+ and incubated at 25°C in PBS 2+ containing 1 mg/ml biotin ± ethanol (100 mM) for the desired time (t) (2, 5, 15 or 30 min). Additional biotinylated cells were kept in parallel at 4°C to measure basal DAT surface levels at t=0. The biotin reaction was quenched by two washes with ice-cold 100 mM glycine followed by two washes with ice-cold PBS 2+ . Biotinylated and total lysate proteins were separated and analyzed by immunoblotting as described above. Insertion rate was calculated as described previously (32) . Briefly, biotinylated transporter was normalized to the respective total cellular DAT for each time point. Newly inserted transporters (T t ) were then measured as the increase in biotinylated DAT at each time point over basal DAT surface levels (T 0 ), and plotted over time. The rate was determined by fitting the time course of biotinylation to a single exponential equation to solve for τ:
). Internalization Assays-Intracellular accumulation of the transporter and relative internalization rates were measured using a reversible biotinylation assay. DAT HEK cells were biotinylated at 4°C as described above, and the reaction was quenched with ice-cold 100 mM glycine. Cells were quickly washed with prewarmed PBS 2+ to initiate trafficking and incubated at 25°C in PBS 2+ ± 100 mM ethanol for 2, 5, 15 or 30 min. Trafficking was rapidly halted by washing cells twice with ice-cold NT buffer (150 mM NaCl, 1 mM EDTA, 0.2% bovine serum albumin, 20 mM Tris, pH 8.6). Biotin remaining on the cell surface was cleaved using freshly p r e p a r e d 5 0 m M T C E P ( T r i s ( 2 -carboxyethyl)phophine hydrochloride; Pierce) in ice-cold NT buffer. TCEP was applied for 20 min at 4°C, removed and replaced with fresh TCEP for an additional 20 min incubation at 4°C . Biotinylated cells were kept in parallel at 4°C to measure total surface DAT (t=0). The stripping efficiency of the reducing reagent was determined by washing biotinylated cells with TCEP without allowing trafficking at 25°C. Cells were lysed, and biotinylated proteins were separated and collected using streptavidin Dynabeads as described above. The biotinylated fraction represented proteins internalized during trafficking. The total number of internalized transporter was calculated as the percent of biotinylated DAT (T t ) compared to total surface DAT (TS; T 0 ). The rate of internalization was determined using the same equation used to estimate insertion rate. (Fig. 1B, upper panel) . The 10 and 50 mM concentrations of ethanol caused a timedependent reduction of ethanol-induced potentiation. Compared to untreated DAT HEK cells, 100 mM ethanol produced a 66-77% increase in uptake at all time points. Ethanol had no significant effect on G130T DAT HEK mediated [ 3 H]DA uptake compared to untreated G130T DAT HEK cells (Fig. 1B, lower panel) .
RESULTS

Characterization of ethanol action on DAT HEK cells
Ethanol promotes surface localization of DAT without altering recycling pool size -We have recently demonstrated that ethanol increases cell surface populations of DAT in HEK-293 cells (21) . However, the mechanisms underlying these changes were unknown. We first verified ethanolinduced changes on DAT surface populations by comparing its effect on DAT and G130T DAT surface localization. We used biotinylation assays to assess cell surface transporter levels in DAT HEK cells after 1 hr incubation with 100 mM ethanol at 37°C (see representative immunoblot, Fig. 2A ). eGFP conjugated DAT or G130T DAT is ~70-120 kDa, depending on glycosylation state. Under control conditions, 30.4% ± 3.6 of the total DAT population was expressed on the cell surface, while ethanol-exposed cells were found to have 50.6% ± 4.4 of the total DAT population on the surface (Fig. 2B ). In agreement with our previous study (21) , ethanol significantly increased DAT surface expression ~40-45% while having no effect on the total cellular population of the transporter (data not shown). To determine if ethanol has a global, non-specific effect on cellular trafficking, blots were re-probed for TfR, an endogenous protein that also undergoes endosomal recycling ( Fig. 2A) . Basal cell surface levels of TfR in DAT HEK cells were not significantly changed by ethanol (11.4% ± 1.5 compared to 11.6% ± 1.7 of total TfR for control and 100 mM ethanol-exposed cells, respectively) (Fig. 2B) . We repeated the cell surface biotinylation experiments with G130T DAT HEK cells, which were functionally insensitive to ethanol (see representative immunoblot, Fig. 2C ). Ethanol had no significant effect on the number of mutant transporters on the cell surface (33.7% ± 1.9 compared to 29.5% ± 0.7 of total G130T DAT for control and 100 mM ethanol-exposed cells, respectively) or the number of TfR (13.3% ± 1.3 compared to 12.5% ± 2.3 of total TfR for control and 100 mM ethanol exposed cells, respectively) (Fig. 2D) . DAT and G130T DAT immunoblots were re-probed with an antibody against the intracellular marker, CAL ( Fig. 2A and C) . The integrity of the plasma membrane was maintained throughout the course of the biotinylation assay (<2% of total calnexin was biotinylated; data not shown).
To elucidate how ethanol modulates the cell surface DAT population, we first determined if ethanol increases DAT on the surface by altering the overall size of the endosomal recycling pool. For these experiments, we used a modified biotinylation assay described previously (32) . Biotin was applied to the cells in trafficking permissive temperatures (37°C). Cell surface proteins and proteins inserted in the plasma membrane were labeled by biotin during the course of the assay (see representative immunoblot, Fig. 3A) . The biotinylated DAT fraction was compared to total cellular DAT to estimate the overall recycling pool size. Under basal conditions, 70-80% of the total DAT population was biotinylated after 30 min of trafficking and remained unchanged up to 90 min (data not shown). The size the DAT recycling pool was not significantly altered by 100 mM ethanol over the course of 60 min (70.2% ± 4.9 compared to 71.9% ± 9.2 of total DAT for vehicle and 100 mM ethanol exposed cells, respectively) (Fig. 3B) .
Ethanol increases DAT insertion rate -DAT expression in the plasma membrane is regulated by a dynamic balance of transporter insertion in the cell membrane and endocytic internalization. We next asked if the ethanolinduced upregulation of cell surface DAT was due to changes in either one of these trafficking mechanisms. First, we determined if ethanol altered the rate of transporter insertion into the plasma membrane. For these experiments, we used modified biotinylation assays to measure DAT delivery to the cell surface over time. Assays were performed at 25°C to slow trafficking in order to accurately monitor ethanol action on transporter recycling. DAT HEK cells were first biotinylated under trafficking-restrictive conditions (4°C) to label all surface transporters at 0 min (t =0). Cells were then incubated with biotin in trafficking permissive temperatures (25°C) for 0, 2, 5, 15 or 30 min (t) in the absence or presence of 100 mM ethanol. Biotinylated DAT was calibrated to the respective total cellular DAT for each time point. Newly inserted transporter levels were determined by comparing the percent increase in biotinylated DAT fractions at t = 2, 5, 15 or 30 min over DAT surface levels at t = 0 (see representative immunoblot, Fig. 4A ). Data were fit to a single exponential function as described in Experimental Procedures (Fig. 4B) , and basal and ethanol-modulated insertion rates were calculated (0.06 min -1 ± 0.01 and 0.24 min -1 ± 0.04 for control and 100 mM ethanol exposed cells, respectively). Both vehicle (control) and ethanol-exposed DAT HEK cells reached a plateau after 30 min where ~75% of total DAT was biotinylated. Ethanol significantly increased DAT insertion rate by ~4-fold. Immunoblots were reprobed for TfR (see representative immunoblot, Fig. 4C ). Ethanol had no significant effect on TfR insertion rates in DAT HEK cells (0.22 min -1 ± 0.09 and 0.26 min -1 ± 0.12 for vehicle and 100 mM ethanol exposed cells, respectively) (Fig. 4D) .
Ethanol has no effect on DAT internalization rates-We next determined if ethanol altered endocytic internalization using reverse biotinylation assays. Transporters were labeled with biotin at trafficking-restrictive temperatures (4°C). Unbound biotin was removed, and cells were warmed to 25°C for 0, 2, 5, 15 or 30 min in the absence or presence of 100 mM ethanol. Cell surface-bound biotin was removed by an extracellular reducing agent. The remaining biotinylated DAT fraction represents internalized transporter. Internalized transporter was compared to the total surface (T.S.) DAT at t=0 (see representative immunoblot, Fig. 5A ). Strip control samples indicate that 90-95% of biotin was removed during TCEP stripping washes (data not shown). Data was fit to a single exponential function as described in Experimental Procedures (Fig. 5B) , and internalization rates were calculated (0.54 min -1 ± 0.09 and 0.6 min -1 ± 0.18 for control and 100 mM ethanol exposed cells, respectively). After 15 min, intracellular accumulation of transporter reached a plateau where 66.9% ± 2.6 or 38.13% ± 2.4 of total DAT was internalized in vehicle or ethanol-exposed cells, respectively. Ethanol had no significant effect on the rate of internalization. For TfR in DAT HEK cells (see representative immunoblot, Fig. 5C ), ethanol had no significant effect on the total number of internalized receptors (38.2% ± 2.7 and 37.0% ± 2.8 of total TfR for vehicle and 100 mM ethanol-exposed cells, respectively) (Fig.  5D) or the internalization rate (0.18 min -1 ± 0.05 and 0.20 min -1 ± 0.08 for vehicle and 100 mM ethanol-exposed cells, respectively) ( Fig. 5A and  B) . (20, 21) . However, the subcellular mechanisms underlying ethanol-mediated regulation of DAT surface expression are unknown. In this study, we found ethanol increases DAT-mediated [ 3 H]DA uptake by altering endosomal recycling of the transporter. Our data suggest ethanol increases the rate of insertion of DAT into the cell membrane, while having no effect on the rate internalization. These ethanol-induced modulations of the DAT endosomal trafficking pathway result in a net increase of functional transporters on the cell surface.
DISCUSSION
For these experiments, we used HEK-293 cells stably expressing DAT which were developed in a previous study (21) . The DAT HEK cells were utilized to directly examine the pharmacological action of ethanol on transporter function and trafficking. For comparison of function and surface localization, we developed another stable line of HEK-293 cells expressing an ethanol-insensitive mutant, G130T DAT. The G130T mutation was developed from chimeric studies between DAT and NET (22) . Although closely related in structure and function, previous studies showed ethanol has opposing effects on DAT and NET (22, 23, 33) . G130T DAT HEK cells were used in this study as a tool to determine if DAT sensitivity to ethanol was mediated by specific alterations in surface expression of the transporter.
Finally, we used a biochemical approach to investigate ethanol-induced changes on endosomal recycling of DAT. Examining ethanol modulation of trafficking in vitro allows us to determine the direct pharmacological actions of ethanol on intracellular trafficking of the transporter. A caveat to this approach is that we can only determine the relative rates and changes in intracellular trafficking. The use of cell lines, which over express the transporter, does not allow for an accurate measurement of recycling rates found in intact neurons.
However, this experimental approach allowed us to determine ethanol-induced changes on the distinct steps involved in endosomal recycling and yielded novel insights into the mechanisms of ethanol action on subcellular trafficking of the transporter.
Characterization of DAT and G130T DAT function revealed the G130T mutation had no effect on basal [ 3 H]DA uptake; however, the point mutation abolished the ethanol sensitivity of transporter function. In contrast, previous observations with HEK-293 and neuronal SK-N-SH cell lines transiently expressing transporters showed that G130T reduced, but did not eliminate, ethanol sensitivity in these mammalian cell expression systems (21) . In these studies, stable expression of the transporters reduced variability in [ 3 H]DA uptake assays compared to cells used in our previous study, which transiently expressed the transporters. This reduction of variability between assays in the current study likely contribute to these differences in [ 3 H]DA. Ethanol potentiated DAT function in a clear concentrationdependent manner. The lower concentrations of ethanol (10 and 50 mM; 0.1% w/v or 100 mg/dl equals 21.7 mmol/L) exhibited a time-dependent reduction in potentiation; i.e., ethanol-induced increases in DAT uptake function returned to basal levels. This reduction could be associated with an acute tolerance of the transporter to the lower concentrations of ethanol. Alternatively, if the initial ethanol concentration decreased over time, we could have reached the lower limit of measurable ethanol-induced effects at the longer time periods; however, steps were taken to minimize evaporation during the course of the assays.
Analysis of ethanol-induced changes in DAT and G130T DAT surface expression indicated ethanol sensitivity of DAT was mediated by changes in surface expression and was specific for DAT. Ethanol induced a significant increase in cell surface DAT but had no effect on expression of G130T DAT in the membrane.
Immunoblots revealed a population of the mutant transporter at ~65-70 kDa. This population likely contains immature transporter retained in the endoplasmic reticulum (ER). While the mutation does not interfere with known export, oligmerization or ER-retention motifs (34), mutation of glycine 130 may alter folding of a portion of the transporter population, thus preventing export from the ER. However, a large portion of G130T transporter population is properly trafficked to the cell surface. Ethanol had no effect on these surface populations of mutant transporter, and misfolding does not likely contribute to the lack of an ethanol effect on G130T DAT surface expression. The mutation also does not interfere with known residues critical in DAT surface retention (25) . Therefore, ethanolinduced alteration of DAT surface expression does not appear to involve known signaling sequences required for constitutive trafficking of the transporter (35) . Ethanol also does not affect total cellular transporter levels or the size of DAT endosomal recycling pools. While not tested directly, these data suggest ethanol does not alter synthesis, E.R. transport or lysosomal degradation of transporter. Endogenous TfR surface expression was also not altered by ethanol, confirming ethanol does not have a non-specific effect on endosomal trafficking. These results indicate the following: (i) ethanol-induced potentiation of DAT function is mediated by changes in surface expression of the transporter, (ii) this sensitivity is specific to DAT and (iii) ethanol-induced increase in surface expression is likely due to alterations in the endosomal recycling pathway and not overall expression changes.
Dynamic membrane trafficking of neurotransmitter transporters is essential for efficient regulation of the duration and strength of synaptic neurotransmission (5) . The balance between insertion and endocytic internalization of transporters within the recycling pathway maintains homeostatic transmitter levels. DAT and other neurotransmitter transporters recycle in a constitutive manner. However, intrinsic and pharmacological modulators can also regulate endosomal recycling, mediating changes in neurotransmission (5, (35) (36) (37) (38) (39) (40) (41) . Alterations in cell surface transporter expression arise from modulation of transporter insertion, internalization or both steps of the recycling pathway. For example, amphetamine-regulated DAT trafficking results in a suppression of transporter insertion and stimulation of endocytic rates, causing an overall decrease in surface levels of the transporter (14) . Here we show that ethanol modulates distinct steps in the endosomal recycling of DAT. These novel findings suggest ethanol elevates surface expression of the transporter by increasing the rate of DAT insertion and without affecting the rate of internalization. The reduction of the overall number of transporters internalized by ethanol was likely a refection of depleted internal endosomal pools caused by the significant increase in insertion rate. Ethanol had no effect on TfR endosomal recycling, suggesting that TfR and DAT recycle in separate endosomal pools, and ethanol does not induce a generalized effect on trafficking of endosomes.
The molecular components involved in ethanol-induced regulation of DAT recycling are unknown. DAT does not contain classical trafficking signal sequence sites such as tyrosineor dileucine-based motifs (35) . Monoamine transporters are subject to regulation by PKCdependent mechanisms; however, kinase-mediated phosphorylation is not required in regulated or constitutive trafficking of DAT (42) . Furthermore, ethanol-sensitive areas of the transporter do not contain phosphorylation sites, suggesting ethanolinduced modulation of trafficking is not mediated through changes in the phosphorylation state of DAT. Accessory proteins are likely involved in ethanol modulation of exocytic insertion. For example, ethanol could disrupt direct proteinprotien interactions, altering DAT insertion into the membrane. Ethanol-mediated changes in kinase activity could also alter transporter trafficking indirectly via other kinase-stimulated protein interactions, such as through the PKA pathway. Acute ethanol treatment has been recently shown to modulate PKA-dependent phosphorylation of trafficking-related proteins involved in vesicle recycling (43) . Alternatively, merging evidence suggests rapid regulation and clustering of other neurotransmitter transporters is dependent on interaction with microfilament proteins (44) (45) (46) (47) . In fact, ethanol has been found to reorganize the actin and microtubulin cytoskeleton involved in glucose transporter trafficking, thus altering glucose uptake (48) . Further investigation is needed to define the trafficking proteome, and ethanol action on those protein-protein interactions (49) . In summary, the present study has revealed that ethanol modulates the DAT endosomal recycling pathway, thus directly altering transporter function. These novel findings are the first to describe ethanol effects on specific steps of the transporter trafficking pathway, and provides a framework to further understand the action of ethanol on DAT-mediated dopamine regulation. Ethanol significantly increased surface expression of DAT bỹ 40% (*p < 0.05, unpaired t test; n=3) but had no significant effect on surface levels of G130T DAT (n=3). Ethanol had no effect on TfR levels in DAT or G130T DAT HEK cells. Values represent mean ± S.E.M. Fig. 3 . DAT recycling pool size is unchanged by ethanol. DAT HEK cells were exposed to 1 mg/ml biotin in the absence (-) or presence (+) of 100 mM ethanol at 37°C (trafficking permissive). (A) Representative immunoblot of total (Total) and recycling pool populations (Biotinylated) of DAT ± 100 mM ethanol after 60 min of trafficking. (B) Densitometric analysis of DAT recycling pool immunoblots. Biotinylated transporter represents DAT within endosomal recycling pools after 30, 60, and 90 min of trafficking (recycling pool size was calculated as biotinylated protein / total cellular DAT). All DAT within the endosomal recycling the pools was labeled by biotin after 30 min, and remained unchanged after 90 min of trafficking. Ethanol had no significant effect on DAT recycling pool size (unpaired t test, n=3). Values represent mean ± S.E.M. Fig. 4 . Ethanol increases DAT insertion rates. Transporter insertion into the membrane was observed using a modified biotinylation assay. (A and C) Representative immunoblots of total lysate (T) and biotinylated (B) populations of (A) DAT and (C) TfR in DAT HEK cells. Biotinylated samples represent newly inserted proteins into the cell surface at 25°C at 0, 2, 5, 15 and 30 min ± 100 mM ethanol. (B and D) Densitometric analysis of immunoblots plotted as a time course of (B) DAT and (D) TfR insertion into the cell surface of DAT HEK cells (control (′); 100 mM ethanol (π)). Biotinylated proteins were calibrated to their respective total populations, and insertion was determined as the percent increase of biotinylated protein compared to basal surface levels at t = 0 min. Data were fit to a first order exponential equation as described in Experimental Procedures to calculate insertion rate. (B) Ethanol significantly increased DAT insertion rate compared to controls by ~ 4-fold (p < 0.01, F test). (D) Ethanol had no effect on TfR insertion into the surface of DAT HEK cells. Graphs represent the average of three experiments (± S.E.M.) at each time point. π)). Total number of internalized proteins was calculated as the percent of biotinylated protein at each time point compared to basal total surface levels (T.S.; t = 0). Data were fit to a first order exponential equation as described in Experimental Procedures to calculate internalization rate. (B) The total number of internalized DAT significantly decreased by ~50% after ethanol treatement (p < 0.01, F test comparison of time course maximums between control and ethanol treated cells) but produced no significant effect on internalization rate of the transporter. (D) Ethanol had no effect on the total number of internalized TfR or internalization rate. Graphs represent the average of three experiments (± S.E.M.) at each time point.
